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1
IMAGE SENSOR HAVING A GAPLESS
MICROLENSES

BACKGROUND INFORMATION

1. Field of the Disclosure

The present invention relates generally to imaging, and
more specifically, the present invention is directed to high
dynamic range image sensors having gapless microlenses.

2. Background

Image sensors have become ubiquitous. They are widely
used in digital still cameras, cellular phones, security cam-
eras, as well as, medical, automobile, and other applications.
The technology used to manufacture image sensors, such as
for example complementary metal-oxide-semiconductor
(CMOS) image sensors (CIS), has continued to advance at a
great pace. For example, the demands for higher resolution
and lower power consumption have encouraged the further
miniaturization and integration of these image sensors.

High dynamic range (HDR) image sensors have become
useful for many applications. In general, ordinary image sen-
sors, including for example charge coupled device (CCD) and
CMOS image sensors, have a dynamic range of approxi-
mately 70 dB dynamic range. In comparison, the human eye
has a dynamic range of up to approximately 100 dB. There are
a variety of situation in which an image sensor having an
increased dynamic range is beneficial. For example, image
sensors having a dynamic range of more than 100 dB dynamic
range are needed in the automotive industry in orderto handle
different driving conditions, such as driving from a dark tun-
nel into bright sunlight. Indeed, many applications may
require image sensors with at least 90 dB of dynamic range or
more to accommodate a wide range of lighting situations,
varying from low light conditions to bright light conditions.

One of the challenges with providing miniaturized higher
resolution image sensors is that the gap distances between the
microlenses in known image sensors limit the density of the
microlenses in the image sensor. Indeed, as the gaps between
lenses become smaller, there is an increased risk of neighbor-
ing microlenses merging together during the reflow process,
which reduces yields. As a consequence, maintaining mini-
mum gap distances between microlenses have resulted in
reduced fill factors and lower quantum efficiencies in known
images sensors.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the
present invention are described with reference to the follow-
ing figures, wherein like reference numerals refer to like parts
throughout the various views unless otherwise specified.

FIG. 1is a diagram illustrating one example of an imaging
system including an example HDR image sensor with gapless
microlenses in accordance with the teachings of the present
invention.

FIG. 2 is a schematic illustrating one example of HDR
pixel circuitry of an image sensor including a plurality of
photosensitive devices in accordance with the teachings of
the present invention.

FIG. 3A illustrates a top down view of one example of a
plurality of first microlenses and a plurality of lens barriers
that are patterned in an example image sensor in accordance
with the teachings of the present invention.

FIG. 3B illustrates a cross-section view of the example of
the plurality of lens barriers that are patterned in an example
image sensor in accordance with the teachings of the present
invention.
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FIG. 3C illustrates a top down view of the example of the
plurality of first microlenses and the plurality of lens barriers
after a first reflow process of an example image sensor in
accordance with the teachings of the present invention.

FIG. 3D illustrates a cross-section view of the example of
the plurality of lens barriers after the first reflow process of an
example image sensor in accordance with the teachings ofthe
present invention.

FIG. 3E illustrates a top down view of the example of a
plurality of second microlenses that are patterned in an
example image sensor after the first plurality of microlenses
and the plurality of lens barriers have been reflowed in accor-
dance with the teachings of the present invention.

FIG. 3F illustrates a cross-section view of the example of
the plurality of second microlenses and the plurality of lens
barriers that are patterned in an example image sensor in
accordance with the teachings of the present invention.

FIG. 3G illustrates a top down view of the example of the
plurality of second microlenses and the plurality of lens bar-
riers after a second reflow process of an example image sensor
in accordance with the teachings of the present invention.

FIG. 3H illustrates a cross-section view of the example of
the plurality of second microlenses and the plurality of lens
barriers after the second reflow process of an example image
sensor in accordance with the teachings of the present inven-
tion.

FIG. 4A illustrates a top down view of another example of
a plurality of first microlenses and a plurality of lens barriers
that are patterned in an example image sensor in accordance
with the teachings of the present invention.

FIG. 4B illustrates a cross-section view of the example of
the plurality of lens barriers that are patterned in an example
image sensor in accordance with the teachings of the present
invention.

FIG. 4C illustrates a top down view of the example of the
plurality of first microlenses and the plurality of lens barriers
after a first reflow process of an example image sensor in
accordance with the teachings of the present invention.

FIG. 4D illustrates a cross-section view of the example of
the plurality of lens barriers after the first reflow process of an
example image sensor in accordance with the teachings ofthe
present invention.

FIG. 4E illustrates a top down view of another example of
a plurality of second microlenses that are patterned in an
example image sensor after the first plurality of microlenses
and the plurality of lens barriers have been reflowed in accor-
dance with the teachings of the present invention.

FIG. 4F illustrates a cross-section view of the example of
the plurality of second microlenses and the plurality of lens
barriers that are patterned in an example image sensor in
accordance with the teachings of the present invention.

FIG. 4G illustrates a top down view of the example of the
plurality of second microlenses and the plurality of lens bar-
riers after a second reflow process of an example image sensor
in accordance with the teachings of the present invention.

FIG. 4H illustrates a cross-section view of the example of
the plurality of second microlenses and the plurality of lens
barriers after the second reflow process of an example image
sensor in accordance with the teachings of the present inven-
tion.

Corresponding reference characters indicate correspond-
ing components throughout the several views ofthe drawings.
Skilled artisans will appreciate that elements in the figures are
illustrated for simplicity and clarity and have not necessarily
been drawn to scale. For example, the dimensions of some of
the elements in the figures may be exaggerated relative to
other elements to help to improve understanding of various



US 9,331,115 B2

3

embodiments of the present invention. Also, common but
well-understood elements that are useful or necessary in a
commercially feasible embodiment are often not depicted in
order to facilitate a less obstructed view of these various
embodiments of the present invention.

DETAILED DESCRIPTION

In the following description, numerous specific details are
set forth in order to provide a thorough understanding of the
present invention. It will be apparent, however, to one having
ordinary skill in the art that the specific detail need not be
employed to practice the present invention. In other instances,
well-known materials or methods have not been described in
detail in order to avoid obscuring the present invention.

Reference throughout this specification to “one embodi-
ment”, “an embodiment”, “one example” or “an example”
means that a particular feature, structure or characteristic
described in connection with the embodiment or example is
included in at least one embodiment of the present invention.
Thus, appearances of the phrases “in one embodiment”, “in
an embodiment”, “one example” or “an example” in various
places throughout this specification are not necessarily all
referring to the same embodiment or example. Furthermore,
the particular features, structures or characteristics may be
combined in any suitable combinations and/or subcombina-
tions in one or more embodiments or examples. Particular
features, structures or characteristics may be included in an
integrated circuit, an electronic circuit, a combinational logic
circuit, or other suitable components that provide the
described functionality. In addition, it is appreciated that the
figures provided herewith are for explanation purposes to
persons ordinarily skilled in the art and that the drawings are
not necessarily drawn to scale.

Examples in accordance with the teaching of the present
invention describe an image sensor with a plurality of gapless
microlenses. With the gapless microlenses provided in accor-
dance with the teachings of the present invention, fill factors
are increased and improved quantum efficiencies are pro-
vided with example images sensors in accordance with the
teachings of the present invention. In the various examples
provided for explanation purposes, the image sensor is an
HDR image sensor including a first plurality of microlenses
optically coupled to short integration photosensitive devices
and a second plurality of microlenses optically coupled to
long integration photosensitive devices of the image sensor.
As will be described in various examples, a plurality of lens
barriers made of lens material are arranged on a planar layer
of the image sensor to provide boundaries that define second
lens regions on the planar layer to provide the gapless micro-
lenses in accordance with the teachings of the present inven-
tion.

To illustrate, FIG. 1 is a diagram that shows generally one
example of an HDR imaging system 100 including an
example pixel array 102 having pixels 110 in accordance with
the teachings of the present invention. In one example, the
pixels 110 may be HDR pixels that that include at least a short
integration photosensitive device and a long integration pho-
tosensitive device. In one example, the short integration pho-
tosensitive device of each pixel has a smaller light exposure
area and a higher overall doping concentration compared to
the long integration photosensitive device of the pixel. Cor-
respondingly, in the depicted example, a first plurality of
microlenses that are optically coupled to the short integration
photosensitive devices have a smaller area than a second
plurality of microlenses that are optically coupled to the long
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integration photosensitive devices in accordance with the
teachings of the present invention.

In one example, a plurality of lens barriers made of the
same lens material as the first and second pluralities of micro-
lenses are also arranged on a planar layer of the image sensor
to provide boundaries that define second lens regions on the
planar layer to provide gapless microlenses in accordance
with the teachings of the present invention. As shown in the
depicted example, HDR imaging system 100 includes pixel
array 102 coupled to control circuitry 108 and readout cir-
cuitry 104, which is coupled to function logic 106.

In one example, pixel array 102 is a two-dimensional (2D)
array of imaging sensors or pixels 110 (e.g., pixels P1,
P2 ..., Pn). In one example, each pixel 110 is a CMOS
imaging pixel including at least a short integration photosen-
sitive device and a long integration photosensitive device. As
illustrated, each pixel 110 is arranged into a row (e.g., rows
R1 to Ry) and a column (e.g., column C1 to Cx) to acquire
image data of a person, place, object, etc., which can then be
used to render an image of the person, place, object, etc.

In one example, after each pixel 110 has acquired its image
data or image charge, the image data is read out by readout
circuitry 104 through readout columns 112 and then trans-
ferred to function logic 106. In various examples, readout
circuitry 104 may include amplification circuitry, analog-to-
digital (ADC) conversion circuitry, or otherwise. Function
logic 106 may simply store the image data or even manipulate
the image data by applying post image effects (e.g., crop,
rotate, remove red eye, adjust brightness, adjust contrast, or
otherwise). In one example, readout circuitry 104 may read
out a row of image data at a time along readout column lines
(illustrated) or may read out the image data using a variety of
other techniques (not illustrated), such as a serial read out or
a full parallel read out of all pixels simultaneously.

In one example, control circuitry 108 is coupled to pixel
array 102 to control operational characteristics of pixel array
102. For example, control circuitry 108 may generate a shut-
ter signal for controlling image acquisition. In one example,
the shutter signal is a global shutter signal for simultaneously
enabling all pixels within pixel array 102 to simultaneously
capture their respective image data during a single acquisition
window. In another example, the shutter signal is a rolling
shutter signal such that each row, column, or group of pixels
is sequentially enabled during consecutive acquisition win-
dows.

FIG. 2 is a schematic illustrating one example of a pixel
210 in accordance with the teachings of the present invention.
In one example, it is appreciated that pixel 210 may be one of
the plurality of pixels 110 included in the example pixel array
102 of the HDR image sensor 100 illustrated above in FIG. 1.
It is appreciated that pixel 210 is provided for explanation
purposes and therefore represents just one possible architec-
ture for implementing each pixel within pixel array 102 of
FIG. 1, and that examples in accordance with the teachings of
the present invention are not limited to specific pixel archi-
tectures. Indeed, one of ordinary skill in the art having the
benefit of the instant disclosure will understand that the
present teachings are applicable to 3T, 4T, 5T designs, as well
as various other suitable pixel architectures in accordance
with the teachings of the present invention.

As shown in the example depicted in FIG. 2, pixel 210
includes a short integration photosensitive device PDg 216
and a long integration photosensitive device PD; 214. In one
example, the long integration photosensitive device PD; 214
has a larger light exposure area than the light exposure area of
short integration photosensitive device PDg 216. Thus, the
microlens optically coupled to long integration photosensi-
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tive device PD; 214 correspondingly has a larger area than the
area of the microlens that is optically coupled to the short
integration photosensitive device. In the example, the long
integration photosensitive device PD; 214 has higher sensi-
tivity to incident light and is therefore utilized for lower light
intensity sensing. Since short integration photosensitive
device PDg 216 on the other hand has less light exposure area,
it is less sensitive to light compared to long integration pho-
tosensitive device PD; 214, and is therefore utilized for
higher light intensity sensing. By utilizing both long integra-
tion photosensitive device PD; 214 and short integration pho-
tosensitive device PD 216 in pixel 210, HDR imaging sens-
ing is realized.

Continuing with the example depicted in FIG. 2, charge
that is accumulated in long integration photosensitive device
PD; 214 is switched through transfer transistor T1, 218 to a
floating drain FD 228 in response to a control signal TX, and
charge that is accumulated in short integration photosensitive
device PDg 216 is switched through transfer transistor T1¢
220 to floating drain FD 228 in response to a control signal
TX,.

As shown in the example, pixel 210 also includes an ampli-
fier transistor T3 224 that has a gate terminal coupled to
floating drain FD 228. Thus, in the illustrated example, the
charge from long integration photosensitive device PD, 214
and short integration photosensitive device PD¢ 216 are sepa-
rately switched to floating drain FD 228, which is coupled to
amplifier transistor T3 224. In one example, amplifier tran-
sistor T3 224 is coupled in a source follower configuration as
shown, which therefore amplifies an input signal at the gate
terminal of amplifier transistor T3 224 to an output signal at
the source terminal of amplifier transistor T3 224. As shown,
row select transistor T4 226 is coupled to the source terminal
of'amplifier transistor T3 224 to selectively switch the output
of amplifier transistor T3 224 to readout column 212 in
response to a control signal SEL. As shown in the example,
pixel 210 also includes reset transistor T2 222 coupled to
floating drain FD 228, long integration photosensitive device
PD; 214 and short integration photosensitive device PD; 216,
which may be used to reset charge accumulated in pixel 210
in response to a reset signal RST. In one example, the charge
accumulated in floating drain FD 228, long integration pho-
tosensitive device PD; 214 and short integration photosensi-
tive device PDg 216 can be reset during an initialization
period of pixel 210, or for example each time after charge
information has been read out from pixel 210 and prior to
accumulating charge in long integration photosensitive
device PD, 214 and short integration photosensitive device
PD; 216 for the acquisition of a new HDR image in accor-
dance with the teachings of the present invention.

FIG. 3A illustrates a top down view of one example of a
plurality of first microlenses 330 and a plurality of lens bar-
riers 332 that are patterned in an example image sensor 300 in
accordance with the teachings of the present invention. In the
depicted example, it is noted that the pixel array 302 of image
sensor 300 is arranged in a Bayer pattern. As shown, the
Bayer pattern uses a checkerboard pattern with alternating
rows of color filters. The Bayer pattern has twice as many
green (G) pixels as red (R) or blue (B) pixels, and they are
arranged in alternating rows of red (R) wedged between
greens (G3), and of blue (B) wedged between greens (G). This
pattern takes advantage of the human eye’s predilection to see
green luminance as the strongest influence in defining sharp-
ness. What’s more, the Bayer pattern produces identical
images regardless of how you hold the camera—in landscape
or portrait mode.
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As shown in the example depicted in FIG. 3A, a first
plurality of microlenses 330 is arranged in first lens regions
over a planar layer of the image sensor 300. In the example,
each one of the plurality of microlenses 330 is optically
coupled through the underlying planar layer to a correspond-
ing photosensitive device arranged in an underlying semicon-
ductor substrate of image sensor 300. The example depicted
in FIG. 3A also illustrates that there is also a plurality of lens
barriers 332 arranged on the planar layer as shown. In the
example, the plurality of lens barriers 332 is made of the same
lens material having the same index of refraction as the first
plurality of microlenses 330. In one example, the first plural-
ity of microlenses 330 and plurality of lens barriers 332 have
a different index of refraction than the planar layer on which
they are patterned. As will be discussed, the plurality of lens
barriers 332 is arranged on the planar layer to provide bound-
aries that define second lens regions on the planar layer in
accordance with the teachings of the present invention. In
various examples, the lens material utilized in image sensor
300 may be formed from polymer-based materials or the like.
As shown in the example illustrated in FIG. 3 A, the plurality
of lens barriers 332 are arranged proximate to boundaries
defined between two second lens regions on the planar layer.

For instance, FIG. 3A shows that the plurality of lens
barriers 332 are arranged within the green (G) second lens
regions proximate to the boundaries to the neighboring red
(R) and blue (B) second lens regions. It is appreciated of
course the example illustrated in FIG. 3A is provided for
illustration purposes and that the plurality of lens barriers 332
could be arranged in the red (R) and blue (B) second lens
regions proximate to their respective boundaries with the
green (G) second lens regions in accordance with the teach-
ings of the present invention.

FIG. 3B illustrates a cross-section view of the example
image sensor 300 illustrated in FIG. 3A along dashed line
A-A'. Accordingly, similarly named and numbered elements
referenced below are coupled and function similar to as
described above. As shown in the cross-section example
depicted in FIG. 3B, a plurality of lens barriers 332 is
arranged and patterned on a planar layer 334 as shown in
accordance with the teachings of the present invention. As
shown, the planar layer 334 is disposed over a semiconductor
substrate 336 in which a plurality of photosensitive devices
314 is arranged. In the example, the photosensitive devices
314 may be examples of the photosensitive devices included
in pixels 110 or 210 discussed above in FIGS. 1-2. Continuing
with the example shown in FIG. 3B, the plurality of lens
barriers 332 is arranged on the planar layer 334 to provide
boundaries that define second lens regions on the planar layer
in accordance with the teachings of the present invention.

In various examples, it is appreciated that planar layer 334
may include one or more layers of image sensor 300. For
instance, in one example, planar layer 334 may include one or
more spacer layers as well as a color filter array layer having
various combinations of red, green, blue, cyan, magenta,
yellow, clear, or other suitable filters in accordance with the
teachings of the present invention.

FIG. 3C illustrates a top down view of the example image
sensor 300 illustrated in FIGS. 3A-B after a first reflow pro-
cess in accordance with the teachings of the present invention.
Accordingly, similarly named and numbered elements refer-
enced below are coupled and function similar to as described
above. As shown the depicted example, the first reflow pro-
cess allows the surface tension in the first plurality of micro-
lenses 330 and the plurality of lens barriers 332 to cause the
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individual pieces of the lens material of the first plurality of
microlenses 330 and the plurality of lens barriers 332 to dome
and form curvatures.

To illustrate, FIG. 3D illustrates a cross-section view of the
example image sensor 300 after the first reflow process as
illustrated in FIG. 3C along dashed line A-A'. Accordingly,
similarly named and numbered elements referenced below
are coupled and function similar to as described above. As
shown in the example depicted in FIG. 3D, the first reflow
process allows the surface tension in the plurality of lens
barriers 332 to cause the individual pieces of the lens material
of the plurality of lens barriers 332 to dome and form curva-
tures.

FIG. 3E illustrates a top down view of one example of a
plurality of second microlenses 338 that is patterned in the
example image sensor 300 after the first plurality of micro-
lenses 330 and the plurality of lens barriers 332 have been
reflowed as illustrated above in FIGS. 3C-3D in accordance
with the teachings of the present invention. Accordingly,
similarly named and numbered elements referenced below
are coupled and function similar to as described above. As
shown in the example depicted in FIG. 3E, the second plural-
ity of microlenses 338 is arranged in the second lens regions
defined by the boundaries provided by the plurality of lens
barriers 332 over the planar layer 334 of the image sensor 300.
In the example, each one of the second plurality of micro-
lenses 338 is optically coupled through the underlying planar
layer 334 to a corresponding photosensitive device 314
arranged in the underlying semiconductor substrate 336 of
image sensor 330. In the example, the second plurality of
microlenses 338 is made of the same lens material having the
same index of refraction as the first plurality of microlenses
330 and the plurality of lens barriers 332. In one example, the
second plurality of microlenses 338 therefore also has a dif-
ferent index of refraction than the planar layer 334 on which
the second plurality of microlenses 338 is patterned. In the
example illustrated in FIG. 3E, the second plurality of micro-
lenses 338 that are arranged in the green (G) second lens
regions are in contact with their respective lens barriers 332,
while the second plurality of microlenses 338 that are
arranged in the red (R) and blue (B) second lens regions are
not in contact with the lens barriers 332, which are in the
green () second lens regions in the example shown in FIG.
3E.

FIG. 3F illustrates a cross-section view of the example
image sensor 300 illustrated in FIG. 3E along dashed line
A-A'. Accordingly, similarly named and numbered elements
referenced below are coupled and function similar to as
described above. As shown in the cross-section example
depicted in FIG. 3F, the plurality of second microlenses 338 is
arranged on the planar layer 334 in the second lens regions,
which are proximate to the plurality of lens barriers 332 as
shown in accordance with the teachings of the present inven-
tion. As shown, the planar layer 334 is disposed over a semi-
conductor substrate 336 in which a plurality of photosensitive
devices 314 is arranged. In the example, each one of the
plurality of second microlenses 338 is also optically coupled
through the planar layer 334 to a corresponding one of the
photosensitive devices 314 in the semiconductor substrate
336.

FIG. 3G illustrates a top down view of the example image
sensor 300 illustrated in FIGS. 3A-F after a second reflow
process, which occurs after the first reflow process, in accor-
dance with the teachings of the present invention. Accord-
ingly, similarly named and numbered elements referenced
below are coupled and function similar to as described above.
Intheillustrated example, the second plurality of microlenses
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338 are reflowed during the second reflow process as shown.
As shown in the example depicted in FIG. 3G, the second
reflow process allows the surface tension in the second plu-
rality of microlenses 338 to cause the individual pieces of the
lens material of the second plurality of microlenses 338 to
dome and form curvatures. As shown in the example in FIG.
3G, the each one of the plurality of lens barriers 332 are
arranged proximate to the respective boundaries, which are
defined between two of the second plurality of microlenses
338 on the planar layer 334 in accordance with the teachings
of the present invention.

To illustrate, FIG. 3H illustrates a cross-section view of the
example image sensor 300 after the second reflow process as
illustrated in FIG. 3G along dashed line A-A'. Accordingly,
similarly named and numbered elements referenced below
are coupled and function similar to as described above. As
shown in the example depicted in FIG. 3H, the second reflow
process allows the surface tension in the lens material of the
second plurality of microlenses 338 to dome and form curva-
tures. In the example, each of the lens barriers 332 becomes
integrated with their respective microlenses 338 as shown.
Indeed, as discussed in one example, the lens barriers 332 and
the microlenses are made of the same lens material and have
the same index of refraction such that the lens barriers 332
become fully integrated within their respective microlenses
338 after the second reflow process in accordance with the
teachings of the present invention.

As shown, the plurality of lens barriers 332, which in the
example depicted in FIG. 3H are arranged within the green
(G) second lens regions proximate to the boundaries to the
neighboring red (R) and blue (B) second lens regions, provide
boundaries such that when the second plurality of micro-
lenses 338 are reflowed in response to the second reflow
process, the plurality of lens barriers 332 prevent the lens
material from neighboring microlenses 338 from merging
with each other. Therefore, since the lens material of micro-
lenses 338 are prevented from merging together with the
plurality of lens barriers 332, the previously required mini-
mum gap distances between the second plurality of micro-
lenses 338 are no longer necessary. Accordingly, an image
sensor 300 with gapless or nearly gapless microlenses is
provided in accordance with the teachings of the present
invention. With the gapless or nearly gapless microlenses as
shown in the depicted example, the fill factor of image sensor
300 is increased, which also improves quantum efficiency of
image sensor 300 in accordance with the teachings of the
present invention.

FIG. 4A illustrates a top down view of another example of
a plurality of first microlenses 430 and a plurality of lens
barriers 432 that are patterned in an example image sensor
400 in accordance with the teachings of the present invention.
In the depicted example, it is noted that the pixel array 402 of
image sensor 400 is arranged in a Bayer pattern. As can be
observed, it is noted that image sensor 400 shown in FIG. 4A
shares many similarities with image sensor 300 described
above in FIGS. 3A-3H. Accordingly, similarly named and
numbered elements referenced below are coupled and func-
tion similar to as described above. One difference between
image sensor 400 of FIG. 4A and image sensor 300 of FIGS.
3A-3H is that the plurality of lens barriers 432 are arranged in
pairs on a planar layer of image sensor 400 as shown, and will
be discussed in further detail below.

Continuing with the example depicted in FIG. 4A, a first
plurality of microlenses 430 is arranged in first lens regions
over a planar layer of the image sensor 400. In the example,
each one of the plurality of microlenses 430 is optically
coupled through the underlying planar layer to a correspond-
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ing photosensitive device arranged in an underlying semicon-
ductor substrate of image sensor 400. The example depicted
in FIG. 4A also illustrates the plurality of lens barriers 432
arranged in pairs on the planar layer as shown. In the example,
the plurality of lens barriers 432 are made of the same lens
material having the same index of refraction as the first plu-
rality of microlenses 430. In one example, the first plurality of
microlenses 430 and plurality of lens barriers 432 have a
different index of refraction than the planar layer on which
they are patterned. As will be discussed, the plurality of lens
barriers 432 are arranged in pairs on the planar layer to pro-
vide boundaries that define second lens regions on the planar
layer in accordance with the teachings of the present inven-
tion. In various examples, the lens material utilized in image
sensor 400 may be formed from polymer-based materials or
the like. As shown in the example illustrated in FIG. 4A, the
plurality of lens barriers 432 are arranged proximate to
boundaries defined between two second lens regions on the
planar layer.

FIG. 4B illustrates a cross-section view of the example
image sensor 400 illustrated in FIG. 4A along dashed line
B-B'. Accordingly, similarly named and numbered elements
referenced below are coupled and function similar to as
described above. As shown in the cross-section example
depicted in FIG. 4B, a plurality of lens barriers 432 is
arranged in pairs and patterned on a planar layer 434 as shown
in accordance with the teachings of the present invention. As
shown, the planar layer 434 is disposed over a semiconductor
substrate 436 in which a plurality of photosensitive devices
414 is arranged. In the example, the photosensitive devices
414 may be examples of the photosensitive devices included
in pixels 110 or 210 discussed above in FIGS. 1-2. Continuing
with the example shown in FIG. 4B, each one of the plurality
of lens barriers 432 is arranged in a pair on the planar layer
434 to provide boundaries that define second lens regions on
the planar layer in accordance with the teachings of the
present invention.

In various examples, it is appreciated that planar layer 434
may include one or more layers of image sensor 400. For
instance, in one example, planar layer 434 may include one or
more spacer layers as well as a color filter array layer having
various combinations of red, green, blue, cyan, magenta,
yellow, clear, or other suitable filters in accordance with the
teachings of the present invention.

FIG. 4C illustrates a top down view of the example image
sensor 400 illustrated in FIGS. 4A-B after a first reflow pro-
cess in accordance with the teachings of the present invention.
Accordingly, similarly named and numbered elements refer-
enced below are coupled and function similar to as described
above. As shown the depicted example, the first reflow pro-
cess allows the surface tension in the first plurality of micro-
lenses 430 and the plurality of lens barriers 432 to cause the
individual pieces of the lens material of the first plurality of
microlenses 430 and the plurality of lens barriers 432 to dome
and form curvatures.

To illustrate, FIG. 4D illustrates a cross-section view of the
example image sensor 400 after the first reflow process as
illustrated in FIG. 4C along dashed line B-B'. Accordingly,
similarly named and numbered elements referenced below
are coupled and function similar to as described above. As
shown in the example depicted in FIG. 4D, the first reflow
process allows the surface tension in the plurality of lens
barriers 432 to cause the individual pieces of the lens material
of the plurality of lens barriers 432 to dome and form curva-
tures.

FIG. 4E illustrates a top down view of one example of a
plurality of second microlenses 438 that is patterned in the
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example image sensor 400 after the first plurality of micro-
lenses 430 and the plurality of lens barriers 432 have been
reflowed as illustrated above in FIGS. 4C-4D in accordance
with the teachings of the present invention. Accordingly,
similarly named and numbered elements referenced below
are coupled and function similar to as described above. As
shown in the example depicted in FI1G. 4E, the second plural-
ity of microlenses 438 is arranged in the second lens regions
defined by the boundaries provided by the plurality of lens
barriers 432 over the planar layer 434 of the image sensor 400.
In the example, each one of the second plurality of micro-
lenses 438 is optically coupled through the underlying planar
layer 434 to a corresponding photosensitive device 414
arranged in the underlying semiconductor substrate 436 of
image sensor 400. In the example, the second plurality of
microlenses 438 is made of the same lens material having the
same index of refraction as the first plurality of microlenses
430 and the plurality of lens barriers 432. In one example, the
second plurality of microlenses 438 has a different index of
refraction than the planar layer 434 on which they are pat-
terned. As shown in the example illustrated in FIG. 4E, each
one of the second plurality of microlenses 438 is in contact
with their respective lens barriers 432 within their respective
second lens region.

FIG. 4F illustrates a cross-section view of the example
image sensor 400 illustrated in FIG. 4E along dashed line
B-B'. Accordingly, similarly named and numbered elements
referenced below are coupled and function similar to as
described above. As shown in the cross-section example
depicted in FIG. 4F, the plurality of second microlenses 438 is
arranged on the planar layer 434 in the second lens regions,
which are proximate to the plurality of lens barriers 432 as
shown in accordance with the teachings of the present inven-
tion. As shown, the planar layer 434 is disposed over a semi-
conductor substrate 436 in which a plurality of photosensitive
devices 414 is arranged. In the example, each one of the
plurality of second microlenses 438 is also optically coupled
through the planar layer 434 to a corresponding one of the
photosensitive devices 414 in the semiconductor substrate
436.

FIG. 4G illustrates a top down view of the example image
sensor 400 illustrated in FIGS. 4A-F after a second reflow
process, which occurs after the first reflow process in accor-
dance with the teachings of the present invention. Accord-
ingly, similarly named and numbered elements referenced
below are coupled and function similar to as described above.
In the illustrated example, the second plurality of microlenses
438 are reflowed during the second reflow process as shown.
As shown in the example depicted in FIG. 4G, the second
reflow process allows the surface tension in the second plu-
rality of microlenses 438 to cause the individual pieces of the
lens material of the second plurality of microlenses 438 to
dome and form curvatures. As shown in the example in FIG.
4G, each one of the plurality of lens barriers 432 is arranged
in a pair proximate to a defined boundary on the planar layer
434 such that each one of the pairs of lens barriers 432
provides a corresponding boundary that defines a portion of a
respective second lens region on the planar layer 434 in accor-
dance with the teachings of the present invention.

To illustrate, FIG. 4H illustrates a cross-section view of the
example image sensor 400 after the second reflow process as
illustrated in FIG. 4G along dashed line B-B'. Accordingly,
similarly named and numbered elements referenced below
are coupled and function similar to as described above. As
shown in the example depicted in FIG. 4H, the second reflow
process allows the surface tension in the lens material of the
second plurality of microlenses 438 to dome and form curva-
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tures. In the example, each one of the pairs of the lens barriers
432 becomes integrated with its respective microlens 438 as
shown. Indeed, as discussed in one example, the lens barriers
432 are made of the same lens material and have the same
index of refraction such that the lens barriers 432 become
fully integrated with their respective microlens 438 after the
second reflow process in accordance with the teachings of the
present invention.

As shown in the example, each one of the pairs of lens
barriers 432 provides a corresponding portion of a boundary
such that when the second plurality of microlenses 438 is
reflowed in response to the second reflow process, the plural-
ity of lens barriers 432 prevent the lens material of a corre-
sponding microlens 438 from merging with the lens material
of'a neighboring microlens 438 in accordance with the teach-
ings of the present invention. Therefore, since the lens mate-
rial of microlenses 438 is prevented from merging together by
the plurality of lens barriers 432, the previously required
minimum gap distances between the second plurality of
microlenses 438 are no longer necessary. Accordingly, an
image sensor 400 with gapless or nearly gapless microlenses
is provided in accordance with the teachings of the present
invention. With the gapless or nearly gapless microlenses as
shown in the depicted examples, the fill factor of image sensor
400 is increased, which also improves quantum efficiency of
image sensor 400 in accordance with the teachings of the
present invention.

The above description of illustrated examples of the
present invention, including what is described in the Abstract,
are not intended to be exhaustive or to be limitation to the
precise forms disclosed. While specific embodiments of, and
examples for, the invention are described herein for illustra-
tive purposes, various equivalent modifications are possible
without departing from the broader spirit and scope of the
present invention.

These modifications can be made to examples of the inven-
tion in light of the above detailed description. The terms used
in the following claims should not be construed to limit the
invention to the specific embodiments disclosed in the speci-
fication and the claims. Rather, the scope is to be determined
entirely by the following claims, which are to be construed in
accordance with established doctrines of claim interpretation.
The present specification and figures are accordingly to be
regarded as illustrative rather than restrictive.

What is claimed is:

1. An image sensor, comprising:

a plurality of photosensitive devices arranged in a semi-
conductor substrate;

aplanar layer disposed over the plurality of photosensitive
devices in the semiconductor substrate;

aplurality of first microlenses comprised of a lens material
and arranged in first lens regions on the planar layer;

a plurality of lens barriers comprised of the lens material
and arranged on the planar layer to provide boundaries
that define second lens regions on the planar layer; and

a plurality of second microlenses comprised of the lens
material and formed within the boundaries provided by
the plurality of lens barriers that define the second lens
regions on the planar layer, wherein the plurality of lens
barriers are integrated within respective second micro-
lenses after a reflow process of the plurality of second
microlenses, wherein the second microlenses comprise
green second lens regions, red second lens regions, and
blue second lens regions.

2. The image sensor of claim 1 wherein the lens material of

the plurality of first microlenses, the plurality of lens barriers,
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and the plurality of second microlenses are the same lens
material and have the same index of refraction.

3. The image sensor of claim 1 wherein the lens material
has a different index of refraction than the planar layer.

4. The image sensor of claim 1 wherein each one the
plurality of first microlenses and each one of the plurality of
second microlenses is optically coupled to a corresponding
one of the plurality of photosensitive devices through the
planar layer.

5. The image sensor of claim 1 wherein each one of the
plurality of first microlenses and each one of the plurality of
lens barriers includes a respective dome having a respective
curvature that is formed during a first reflow process.

6. The image sensor of claim 5 wherein each one of the
plurality of second microlenses includes a respective dome
having a respective curvature that is formed during a second
reflow process that occurs after the first reflow process,
wherein the reflow process of the plurality of second micro-
lenses occurs during the second reflow process.

7. The image sensor of claim 1 wherein the plurality of lens
barriers are arranged proximate to boundaries defined
between two second lens regions on the planar layer.

8. The image sensor of claim 7 wherein the plurality of lens
barriers are arranged within second lens regions of a first
color on the planar layer.

9. The image sensor of claim 7 wherein the plurality of lens
barriers are arranged in pairs on the planar layer, where each
one of the pairs of lens barriers provides a corresponding
boundary proximate to a portion of a respective second lens
region on the planar layer.

10. An imaging system, comprising:

apixel array including a plurality of photosensitive devices
arranged in a semiconductor substrate;

a planar layer disposed over the plurality of photosensitive
devices in the semiconductor substrate;

a plurality of first microlenses comprised of a lens material
and arranged in first lens regions on the planar layer;

a plurality of lens barriers comprised of the lens material
and arranged on the planar layer to provide boundaries
that define second lens regions on the planar layer;

a plurality of second microlenses comprised of the lens
material and formed within the boundaries provided by
the plurality of lens barriers that define the second lens
regions on the planar layer, wherein the plurality of lens
barriers are integrated within respective second micro-
lenses after a reflow process of the plurality of second
microlenses, wherein the second microlenses comprise
green second lens regions, red second lens regions, and
blue second lens regions;

control circuitry coupled to the pixel array to control opera-
tion of the pixel array; and

readout circuitry coupled to the pixel array to readout
image data from the pixel array.

11. The imaging system of claim 10 further comprising
function logic coupled to the readout circuitry to store the
image data readout from the pixel array.

12. The imaging system of claim 10 wherein the lens mate-
rial of the plurality of first microlenses, the plurality of lens
barriers, and the plurality of second microlenses are the same
lens material and have the same index of refraction.

13. The imaging system of claim 10 wherein the lens mate-
rial has a different index of refraction than the planar layer.

14. The imaging system of claim 10 wherein each one of
the plurality of first microlenses and each one of the plurality
of'second microlenses is optically coupled to a corresponding
one of the plurality of photosensitive devices through the
planar layer.
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15. The imaging system of claim 10 wherein each one of
the plurality of first microlenses and each one of the plurality
of lens barriers includes a respective dome having a respec-
tive curvature that is formed during a first reflow process.

16. The imaging system of claim 15 wherein each one of
the plurality of second microlenses includes a respective
dome having a respective curvature that is formed during a
second reflow process that occurs after the first reflow pro-
cess, wherein the reflow process of the plurality of second
microlenses occurs during the second reflow process.

17. The imaging system of claim 10 wherein the plurality
of'lens barriers are arranged proximate to boundaries defined
between two second lens regions on the planar layer.

18. The imaging system of claim 17 wherein the plurality
of' lens barriers are arranged within second lens regions of a
first color on the planar layer.

19. The imaging system of claim 17 wherein the plurality
ofllens barriers are arranged in pairs on the planar layer, where
each one of the pairs of lens barriers provides a corresponding
boundary proximate to a portion of a respective second lens
region on the planar layer.
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